Introduction
============

Breast cancer, the most common invasive malignancy in women worldwide, is the second leading cause of cancer-related death after lung cancer. Currently, the main treatment for breast cancer is surgical resection with the combination of chemotherapy and radiotherapy. Mitoxantrone (MTO), a cell cycle nonspecific anticancer drug, can kill cancer cells in any cell cycle by inhibiting DNA replication and transcription. It has been clinically approved in the treatment of breast cancer, acute leukemia, hepatocellular carcinoma, and malignant lymphoma.[@b1-ijn-12-7337]

Despite significant progress in early diagnosis and treatment, inadequate selection of anticancer drugs and multidrug resistance (MDR) to conventional chemotherapeutics continuously pose a tremendous challenge to effective breast cancer therapy.[@b2-ijn-12-7337] Particularly, drug resistance is a major obstacle in the treatment of breast cancer and may potentially lead to tumor relapse and the failure of therapy.[@b3-ijn-12-7337] In physiological conditions, P-glycoprotein (P-gp) is mainly responsible for the transport of toxic chemicals out of the cell for its protection. While, in pathological conditions, P-gp is overexpressed in tumor cells and takes part in MDR.[@b4-ijn-12-7337] Because of the intimate relationship with MDR, P-gp has been widely studied as an important target for MDR reversal in recent years. Verapamil (VRP), a calcium antagonist, was reported to reverse MDR by Tsuruo et al.[@b5-ijn-12-7337] The MDR reversal mechanism was later demonstrated to involve both substrate competitive inhibition and gene regulation in the gene transcription process.[@b6-ijn-12-7337] In addition, VRP has also been reported to inhibit the activation of Scr kinase family to suppress tumor growth.[@b7-ijn-12-7337] However, P-gp not only exists in tumor tissues but also is widely distributed in the kidney, liver, adrenal glands, blood--brain barrier, and gastrointestinal tract, leading to unpredictable pharmacokinetic changes and adverse reactions.

There is growing interest in developing multi-agent co-delivery nanocarriers that can simultaneously incorporate and deliver multiple types of therapeutic drugs to disease sites in a targeted and controlled manner for combined therapy. These co-delivery nanocarriers may potentially allow synergetic effects of different therapeutic approaches to eventually improve overall treatment outcomes. Therefore, nanocarriers co-loaded with MTO and VRP could reverse MDR and reduce side effects. Polyelectrolyte complex nanoparticles (PENPs) are formed when two oppositely charged polyelectrolytes interact via electrostatic attraction and desolvation. PENPs have demonstrated great potential in biomedical and nano-biotechnological applications, including controlled drug release, good biocompatibility, and gene transfection.[@b8-ijn-12-7337] In this study, chitosan hydrochloride (HCS) was chosen as the cationic material owing to the abundance of positively charged terminal amine groups and better water solubility than chitosan (CS). Hyaluronic acid (HA) was chosen as the polyanion due to its negative charge in neutral and alkaline environments and tumor-targeting property through specific binding to the CD44 molecule, an integral membrane glycoprotein overexpressed on the surface of various tumor cells.[@b9-ijn-12-7337]--[@b12-ijn-12-7337]

In the current study, PENPs were prepared using HCS and HA to simultaneously encapsulate positively charged MTO and neutral VRP ([Figure 1](#f1-ijn-12-7337){ref-type="fig"}) to enhance the selectivity of MTO and reverse the MDR of cancer cells. Key properties such as particle size, zeta potential, morphology, and encapsulation efficiency (EE%) and drug loading (DL%) of MTO and VRP were characterized. In vitro drug release was studied to explore the drug release pattern. Using doxorubicin hydrochloride (DOX) hydrochloride as a fluorescence probe, the cellular uptake of PENPs in both human breast cancer cell line MCF-7 and its adriamycin-resistant strain (MCF-7/ADR cell line) was investigated to explore the tumor-targeting and MDR suppression efficiency of the preparations. Cell retention rate (RR) of the preparations in MCF-7/ADR cell line was calculated to evaluate the MDR reversal effect of the preparation. Furthermore, the exact location of the preparation in cancer cells after being taken in was inspected by means of confocal laser scanning microscopy (CLSM).

Materials and methods
=====================

MTO (purity, 98%), VRP (purity, 98%), and DOX (purity, 98%) were purchased from Sunnyhope Pharmaceutical Co., Ltd. (Sichuan, China), Huamaike Biotechnology Co., Ltd. (Beijing, China), and Aladdin Reagent Co., Ltd. (Shanghai, China), respectively. HCS (molecular weight \[MW\] =100 kDa determined by viscometry; degree of deacetylation 86% determined by ^1^H-nuclear magnetic resonance \[NMR\] spectroscopy) was purchased from Golden-Shell Biochemical Co., Ltd. (Zhejiang, China). HA (MW =10 kDa, 50 kDa, 120 kDa, and 500 kDa, determined by viscometry) was purchased from C.P. Freda Pharmaceutical Co., Ltd. (Shandong, China). The 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-Aldrich Co. (St Louis, MO, USA). All other chemicals and reagents were of analytical grade and used without further purification.

Preparation of PENPs co-loaded with MTO and VRP (MTO-VRP-PENPs) and MTO-loaded PENPs (MTO-PENPs)
------------------------------------------------------------------------------------------------

Different PENPs were prepared according to our previous work with slight modifications.[@b13-ijn-12-7337] In brief, 2 mg/mL solutions of HA and HCS were prepared in deionized water and filtered through 0.45 μm microporous membranes. Blank PENPs were prepared by simply mixing the abovementioned solutions with a 6:1 volume ratio of HA:HCS. The mixture was kept stirring (400 rpm) for 2 h followed by filtration through a 0.45 μm filter. To prepare MTO-VRP-PENPs, MTO was added to the HA solution to obtain the concentration of 0.3 mg/mL of MTO (MTO-HA solution), and pH of the solution was adjusted to 4.0; VRP was added to the HCS solution to attain the concentration of 2 mg/mL of VRP (VRP-HCS solution). MTO-HA solution was added dropwise into the VRP-HCS solution under magnetic stirring (400 rpm) at 25°C, and the resultant opalescent preparation was further stirred for 2 h to form MTO-VRP-PENPs. MTO-PENPs were prepared using the same procedure but without the addition of VRP.

Changes in the properties of blank PENPs were monitored for the changes in initial concentrations of HA and HCS solutions, MW of HA, and mass ratio of HA to HCS. The order of drug addition was also investigated in the formation of drug-loaded PENPs: if MTO or VRP was dissolved in HA solution and then mixed with HCS solution to obtain MTO loaded PENPs or VRP loaded PENPs (HMC-PENPs/HVC-PENPs); CMH-PENPs/CVH-PENPs if MTO or VRP was dissolved in HCS solution and then mixed with HA solution; if MTO or VRP were added into blank PENPs to obtain MTO-loaded PENPs or VRP-loaded PENPs (CHM-PENPs/CHV-PENPs). In addition, drug concentration, pH, and mixing time were also investigated.

Characterization of MTO-VRP-PENPs and MTO-PENPs
-----------------------------------------------

The particle size, polydispersity index (PI), and zeta potential of different PENPs were analyzed by Zetasizer 3000HS (Malvern Instruments, Malvern, UK). MTO-VRP-PENPs' morphological observation was performed by transmission electron microscopy (TEM; H-7000; Hitachi Ltd., Tokyo, Japan). EE% and DL% were determined by the ultrafiltration method. In brief, 1 mL of MTO-VRP-PENPs or MTO-PENPs was transferred to an ultrafiltration centrifuge tube (MW cutoff \[MWCO\] of 100 kDa) and centrifuged for 30 min at 10,000 rpm. Approximately 100 μL of the filtrate dissolved in 10 mL of mobile phase was analyzed by Agilent 1100 series high-performance liquid chromatography (HPLC) system (Agilent Technologies, Palo Alto, CA, USA) for measuring MTO and VRP concentrations. In addition, 100 μL of PENPs dissolved in 10 mL of mobile phase was sonicated for 5 min followed by centrifugation for 10 min at 12,000 rpm. The supernatant was analyzed by HPLC for MTO and VRP. The stationary phase, μBondapak C~18~ column (150×4.6 mm, 5 μm), was kept at 40°C. The mobile phase for MTO was a 48:52 v/v mixture of methanol:0.2 mol/L ammonium acetate aqueous solution (pH adjusted to 2 by H~3~PO~4~), and effluent was monitored at 241 nm. The mobile phase of VRP was a 55:45:1 v/v mixture of acetic acid/sodium acetate buffer solution (1.36 g sodium acetate and 33 mL glacial acetic acid and volume made up to 1,000 mL):methanol:triethylamine, and effluent was monitored at 278 nm. The flow rate was set at 1.0 mL/min, and the injection volume was 20 μL. The EE% and DL% were calculated as follows: $$\text{EE}\% = \frac{C_{2} \times V_{2} - C_{1} \times V_{1}}{C_{2} \times V_{2}} \times 100$$where C~1~ and V~1~ are the concentrations of the drug and the volume in the filtration tube after ultrafiltration, respectively, and C~2~ and V~2~ are the concentrations of the drug and the preparation volume before ultrafiltration, respectively. $$\text{DL}\% = \frac{W_{e}}{W_{e} - W_{f}} \times 100$$where W~e~ is the amount of the drug in PENPs, and W~f~ is the amount of the feeding materials.

Differential scanning calorimetry (DSC) analysis
------------------------------------------------

The thermal properties of MTO and VRP in the finalized formulation of MTO-VRP-PENPs were assessed using a Thermal Analyzer-60 WS, DSC-60 (Shimadzu, Kyoto, Japan). DSC patterns of MTO, VRP, blank PENPs, the physical mixture of VRP, MTO, and blank PENPs, and MTO-VRP-PENPs were tested in 20 mL/min N~2~ and at 10 K/min heating rate.

In vitro release study
----------------------

The in vitro release behavior of MTO-VRP-PENPs was carried out in 5% (w/v) glucose solution (pH 7.4) using a dialysis method as reported previously.[@b13-ijn-12-7337] Briefly, 1 mL of MTO-VRP solution (the same quantities of MTO and VRP were dissolved in deionized water) and MTO-VRP-PENPs (C~MTO~ =0.3 mg/mL, C~VRP~ =0.3 mg/mL) were transferred into dialysis bags (MWCO of 8--12 kDa) with both terminals clamped. The dialysis bags were immediately immersed into 50 mL of glucose solution under magnetic stirring in a water bath (250 rpm, 37°C). At specific intervals, 1 mL of the medium was withdrawn and replaced with 1 mL of fresh release medium maintained at 37°C. The withdrawn samples were analyzed for measuring MTO and VRP concentrations by the HPLC system, as described earlier. The in vitro release assay was performed in triplicate.

Cell culture
------------

MCF-7 (a human breast adenocarcinoma cell line) and MCF-7/ADR (a human breast carcinoma cell line that has been made resistant by DOX and expresses a high level of P-gp) were both obtained from the cell bank of Chinese Academy of Sciences (Shanghai, China). MCF-7 cells were cultured in DMEM/high glucose medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal calf serum (Thermo Fisher Scientific) and 1% 100 μg/mL penicillin--100 U/mL streptomycin (Thermo Fisher Scientific); MCF-7/ADR cells were cultured in RPMI 1640 medium (HyClone) supplemented with 15% fetal calf serum and 1% 100 μg/mL penicillin--100 U/mL streptomycin. Both cell lines were cultured at 37°C in 5% CO~2~ atmosphere.

Cytotoxicity study
------------------

MCF-7 cells and MCF-7/ADR cells were plated at a density of 5×10^3^ cells/well in 96-well plates and incubated at 37°C under a humidified atmosphere with 5% CO~2~ for 24 h. Subsequently, the cells were treated with MTO solution, MTO-PENPs, and MTO-VRP-PENPs with increasing doses (total amount of MTO in PENPs): 0.05, 0.1, 0.5, 1, 5, 10, and 20 μg/mL for 24 h. Cytotoxicity was carried out by MTT assay in both MCF-7 and MCF-7/ADR cell lines. The plates were incubated for an additional 4 h. The culture medium was removed by aspiration. Thereafter, 150 μL of dimethyl sulfoxide (DMSO) was added to each well to dissolve the formazan crystals while slightly stirring the cells using an automated shaker. The absorbance of samples in 570 nm (A~570\ nm~) was detected by enzyme-linked immunosorbent assay (ELISA; Thermo Electron Corporation, Beverly, MA, USA). The study was carried out six times. The ratio of the A~570\ nm~ of the preparations to that of the untreated cells as a percentage was used to express the cytotoxicity (IC~50~).

Cellular uptake studies
-----------------------

DOX was selected as a fluorescent probe to study the uptake of cells through flow cytometry. Both DOX and MTO are non-cell cycle-specific anticancer drugs and the MDR mechanism of DOX is similar to MTO, mainly due to the efflux by P-gp, whereas DOX has a strong fluorescence, which is conducive to flow cytometry.[@b14-ijn-12-7337] PENPs co-loaded with DOX and VRP (DOX-VRP-PENPs) and DOX-PENPs were prepared using the same method as MTO-VRP-PENPs, and MTO-PENPs except replacing MTO with DOX.

MCF-7 and MCF-7/ADR cells were seeded in 24-well plates (Costar, Washington, DC, USA) with 5×10^5^ cells/well density. After 24 h of cell culturing, the medium was replaced with DOX solution, DOX-PENPs, and DOX-VRP-PENPs to evaluate the effect of concentration (0.05--20 μg/mL of DOX equivalent for 4 h) and incubation time (1, 2, 4, 6, and 8 h at 10 μg/mL of DOX). The medium was then removed, and the cells were washed with ice-cold PBS three times followed by trypsinization. The cells were centrifuged at 1,000 rpm for 3 min and analyzed by flow cytometer (BD Biosciences, San Jose, CA, USA). Both investigations were carried out in triplicate.

Cell RR studies
---------------

MCF-7/ADR cells were seeded in 24-well plates with 5×10^5^ cells/well density. After 24 h of cell culturing, the media were replaced by DOX solution, DOX-PENPs, and DOX-VRP-PENPs (dissolved in RPMI 1640 cell culture medium without serum, C~DOX~ =10 μg/mL) and incubated for another 2 h at 37°C. The cells were then washed with ice-cold PBS three times and re-cultured for 0, 0.5, 1, 2, and 4 h with RPMI 1640 cell culture medium (free of serum) before trypsinization for flow cytometry analysis. The cell RR was defined as the percentage of residual fluorescence intensity: $$\text{RR}\% = \frac{F_{s}}{F_{0}} \times 100\%$$where F~s~ is the fluorescence intensity of cells re-cultured for a specific period, and F~0~ is the fluorescence intensity of cells re-cultured for 0 h.

In addition, the reversal index was defined as the ratio of IC~50~ of solution to the IC~50~ of formulations.[@b15-ijn-12-7337]

Intracellular trafficking[@b16-ijn-12-7337]
-------------------------------------------

MCF-7/ADR cells were seeded in confocal dishes with 5×10^5^ cells/well density and cultured at 37°C for 24 h. The culture was then replaced by 400 μL of DOX-VRP-PENPs (diluted by RPMI 1640 cell culture medium without serum) and incubated for 4 h. The cells were washed thrice with ice-cold PBS, and Hoechst 33342 was used to dye the nucleus for 30 min. After, cells were washed thrice by PBS, and 0.5 mL paraformaldehyde (3.7% w/v) was added for 15 min to fix the cells. Then, cells was washed thrice by PBS, and the samples were analyzed by CLSM (Leica Microsystems, Wetzlar, Germany).

Statistical analyses
--------------------

One-way analysis of variance (ANOVA) was performed on all experimental data, and the means were compared using Student's *t*-test at the 5% level with SPSS 11.0 software (SPSS Inc., Chicago, IL, USA). Differences were considered to be significant at *P*\<0.05.

Results and discussion
======================

Preparation of HA--HCS PENPs
----------------------------

With the application of nanotechnology in drug delivery systems, numerous strategies are being developed to overcome MDR. Previous studies have shown the difficulties associated with the ordinary nano-drug delivery systems to achieve effective intracellular concentration due to smaller amounts of cellular uptake, slower intracellular release rate, and easy drug efflux.[@b17-ijn-12-7337] Therefore, to solve the problem of the common nanocarriers in overcoming MDR, a plethora of efforts to endow the nanocarriers with more functions is under investigation, and co-loading of P-gp inhibitors is one of the important strategies. Currently, there are reports of VRP and DOX co-loading in uniform mesoporous carbon spheres, liposomes, and bovine serum albumin nanoparticles.[@b18-ijn-12-7337]--[@b20-ijn-12-7337] There are also a few reports about VRP-loaded polysaccharide or polyelectrolyte complexes;[@b21-ijn-12-7337] however, there are few reports about the co-loading of MTO and VRP in polyelectrolyte nanoparticles.[@b22-ijn-12-7337] Some pharmacological studies have showed that co-administration of MTO and VRP could enhance the efficacy of MTO.[@b23-ijn-12-7337],[@b24-ijn-12-7337] Polyelectrolyte nanoparticles are usually used as the hydrophilic drug carrier; in this study, interaction of small molecule drugs with biocompatible materials was used to achieve drug loading, and a double drug carrier system with high drug loading and stability was obtained after comprehensive formulation investigation.

The formation of PENPs is driven by a variety of forces mainly through three steps: first, the mixing process involves the formation of an unstable complex of polyelectrolytes via electrostatic bonding. Second, the intracomplex formation process depends on the formation of new chemical bonds and the deformation of polymer chains inside the complex. Third, the intercomplex aggregation is governed by intermolecular forces. This finally leads to the formation of PENPs by desolvation.[@b25-ijn-12-7337]

The polyelectrolyte composite system according to the macro-state can be divided into: 1) soluble complexes; 2) phase separation boundary colloid system; 3) supernatant and poly-salt precipitation system; 4) polyanions and poly-cationic concentrated solution of a macro-homogeneous system. No matter what the chemical structure of two polyelectrolytes, the abovementioned four conditions can be changed by changing the reaction conditions, such as the initial concentration, proportion, pH, or ionic strength to achieve mutual conversion.[@b26-ijn-12-7337]

Effect of the MW of HA
----------------------

The MW of polyelectrolytes is one of the important factors that affect the properties of PENPs.[@b27-ijn-12-7337]--[@b29-ijn-12-7337] [Figure 2](#f2-ijn-12-7337){ref-type="fig"} shows the size and zeta potential of the blank PENPs prepared with different MWs of HA (2 mg/mL) and HCS solutions (2 mg/mL) at 400 rpm stirring for 2 h. PENPs prepared with 10 kDa HA ([Figure 2A](#f2-ijn-12-7337){ref-type="fig"}) showed little change in size with changes in HCS and HA ratio (300--320 nm). PENPs prepared with 50 kDa HA were in the range of 200--300 nm ([Figure 2B](#f2-ijn-12-7337){ref-type="fig"}). At a 2:1 ratio of HCS:HA, slightly bigger PENPs of 120 kDa HA were obtained (418.8 nm), but increase in HA content initially decreased the size to 209 nm (HCS:HA =1:2) which increased to 279 nm on further increase in HA (HCS:HA =1:6; [Figure 2C](#f2-ijn-12-7337){ref-type="fig"}). Except for the 1:1 ratio of HCS:HA (\>300 nm), 500 kDa HA PENPs were too large and size exceeded 500 nm ([Figure 2D](#f2-ijn-12-7337){ref-type="fig"}).

Decrease in HCS ratio from 2:1 to 1:2 markedly decreased the zeta potential of the blank PENPs from positive to negative, but the trend became more stable with further decrease in HCS. This indicates neutralization of the positive charge of HCS induced by increasing chains of HA. However, excessive increase in HA (the ratio of HA:HCS \>3:1) allowed a majority of the --NH~2~ on the HCS to be occupied by the carboxyl of HA; thus, the excess carboxyl groups of HA remained exposed to the outside of the PENPs with a stable negative surface charge.[@b27-ijn-12-7337]--[@b29-ijn-12-7337] Particle size of PENPs prepared by 50 kDa HA was under 300 nm for all the HCS:HA volume ratios, so 50 kDa HA was chosen for subsequent experiments.

Effect of the initial concentrations of HA and HCS solutions
------------------------------------------------------------

When the volume ratio of HCS to 50 kDa HA was fixed at 1:6, the effect of the initial concentrations of HA and HCS on particle size of blank PENPs was investigated.

We can infer from [Table 1](#t1-ijn-12-7337){ref-type="table"} that the size of blank PENPs was mainly related to the concentration of 50 kDa HA. Zeta potential did not change significantly (around −27 mV), by virtue of a greater proportion of HA than that of HCS in the PENPs. Large-sized particles were obtained for 50 kDa HA solutions with strength greater than 2 mg/mL. In addition, when the concentration of 50 kDa HA solution was less than 2 mg/mL, the system began to precipitate with the increase in HCS concentration. Our results are in good agreement with the findings of Buchhammer et al,[@b30-ijn-12-7337] that above a certain critical concentration PENPs become unstable and form insoluble precipitates. So, the concentrations of 2 mg/mL HA and HCS were selected for further studies.

Effect of drug loading order
----------------------------

[Tables 2](#t2-ijn-12-7337){ref-type="table"} and [3](#t3-ijn-12-7337){ref-type="table"} summarize the effect of the order of addition of drugs on the particle size, zeta potential, and EE% of PENPs when the volume ratio of HCS (2 mg/mL) to HA (2 mg/mL) was fixed at 1:6, and the drug concentrations were MTO =0.3 mg/mL and VRP =2 mg/mL.

It is obvious from [Table 2](#t2-ijn-12-7337){ref-type="table"} that HMC-PENPs possessed the smallest size (203.8 nm) and higher EE% of MTO (98.58%) than the other two kinds of PENPs. In the HMC-PENP preparation method, MTO molecules might get adsorbed to HA by virtue of electrovalent attraction through the electropositive imino group of MTO with the carboxyl group of HA. Particle size and zeta potential of VRP-loaded PENPs ([Table 3](#t3-ijn-12-7337){ref-type="table"}) prepared by a different method were almost similar but with a maximum EE% of only 44.62% for CVH-PENPs. VRP could not combine with the carrier material by ionic interaction because of its electrical neutrality. Encapsulation of VRP into the PENPs could be due to the Van der Waals' forces between the drug and the polymers. Peng et al[@b31-ijn-12-7337] prepared alginate/calcium carbonate hybrid microparticles to co-deliver DOX and VRP and obtained much lower EE% of VRP (49.6%) as compared to the positively charged DOX (90.0%), which is consistent with our results. From the experimental results, the affinity of VRP with HCS was slightly higher than HA, so the preparation method of CVH-PENPs was chosen.

Effect of the mass ratio of HCS and HA in MTO-VRP-PENPs
-------------------------------------------------------

The effect of HCS:HA ratio on the characteristics of MTO-VRP-PENPs, when the drug concentrations were MTO =0.3 mg/mL and VRP =2 mg/mL, and 2 mg/mL of HA and HCS solutions were used, is given in [Table 4](#t4-ijn-12-7337){ref-type="table"}.

A slight but gradual decrease in the particle size and potential of PENPs was observed for increasing proportion of HA. The EE% of MTO remained more than 90% for all ratios, but the EE% of VRP gradually increased. Higher levels of HA in the PENPs could have caused more tight wrapping of HCS resulting in decreased loss of the adsorbed drug and thus higher VRP encapsulation. So, HCS:HA ratio of 1:6 was chosen for further experiments.

Screening drug concentrations
-----------------------------

When screening for the concentration of MTO, the VRP concentration was fixed at 2 mg/mL, and when screening for the VRP concentration, the MTO concentration was fixed at 0.3 mg/mL, while other preparation conditions were kept constant as determined earlier. MTO-VRP-PENPs properties are given in [Tables 5](#t5-ijn-12-7337){ref-type="table"} and [6](#t6-ijn-12-7337){ref-type="table"}.

Precipitation of the preparation observed at higher level of MTO might be explained by increase in the pH of the medium due to its strong alkaline nature, leading to instability of the nanoparticles. Quantity of VRP also did not affect EE% of MTO as the interaction between VRP and the carrier material was weaker. However, 3 mg/mL of VRP significantly lowered EE% of MTO (73.90%±2.08%). Both MTO and VRP in the co-loaded PENP system were likely to occupy the hydrophilic sites due to their hydrophilic nature, so the EE% of MTO reduced with the increase of VRP concentration, indicating interference caused by VRP with the encapsulation of MTO in the polyelectrolyte system, at higher concentrations during the loading process. Finally, 0.3 mg/mL MTO and 2 mg/mL VRP were chosen in the making of PENPs.

Effect of the system pH
-----------------------

In general, when PENPs are formed by strong electrolytes, the pH of the medium has little effect on the complexation process. If one component of the system is a weak electrolyte, the pH of the medium will affect the dissociation degree and effective charge density of weak polyelectrolyte ionic groups (such as −COO^−^ in HA),[@b32-ijn-12-7337] thereby affecting PENP formation. In addition, pH can affect the conformation and the chain rigidity of the polymer.[@b33-ijn-12-7337] Therefore, PENP formation can be affected by pH environment operating through the abovementioned factors, resulting in particle size and zeta potential variations.

In this study, the pH of the solution determines the degree of ionization of carboxylic acid groups of the HA (pKa 3.2) and amino groups of the HCS (pKa 6.5), which might affect the particle size, zeta potential, and drug loading of PENPs (pKa of MTO is 8.5).[@b34-ijn-12-7337] [Table 7](#t7-ijn-12-7337){ref-type="table"} presents results showing that particle size and zeta potential of PENPs and EE% of both MTO and VRP changed by the addition of weak acid (acetic acid) or weak base (aqueous ammonia) in the MTO-HA solution. PENPs made at pH 4.0 and pH 9.0 had the maximum EE% and DL%% of both MTO and VRP compared to those made at pH 7.0 ([Table 7](#t7-ijn-12-7337){ref-type="table"}), indicating that better interaction between the HA and MTO exists in the appropriate acid/alkali medium, making electrostatic adsorption more stable. Extreme pH conditions (2 and 10) did not favor the formation of PENPs. Formulations made at pH 4.0 generated smaller size MTO-VRP-PENPs; therefore, pH 4.0 was selected as the optimum medium pH.

Effect of the mixing time
-------------------------

As summarized in [Table 8](#t8-ijn-12-7337){ref-type="table"}, the EE% and DL% of MTO and VRP were at higher levels for a 2 h mixing time. Particle size and zeta potential did not vary significantly with the mixing time. However, longer mixing time caused significant decrease in the EE% of both drugs. Because of prolonged stirring drug leakage might have occurred, as energy around the particles could have been intensified by the molecular motion leading to increased collision between the particles.

[Table 9](#t9-ijn-12-7337){ref-type="table"} summarizes the key features of the optimized MTO-VRP-PENPs and MTO-PENPs. [Figure 3F](#f3-ijn-12-7337){ref-type="fig"} showed that TEM image of MTO-VRP-PENPs was the quasi-spherical shape.

DSC analysis
------------

[Figure 3](#f3-ijn-12-7337){ref-type="fig"} shows the DSC thermograms of pure MTO, pure VRP, blank PENPs, physical mixture of MTO, VRP, and blank PENPs, and MTO-VRP-PENP powder. Pure MTO and VRP showed a sharp endothermal peak at 173.5°C and 141.6°C, respectively, indicating the typical behavior of the drugs.[@b35-ijn-12-7337] The thermogram of the physical mixture of drugs and blank PENPs did not show peak of MTO but showed a low-intensity characteristic the peak of VRP. It showed that the negatively charged hydrophilic PENPs interacted with both hydrophilic drugs even in the physical mixing process. Positively charged hydrophilic MTO showed much better interaction with the carrier due to the electrostatic charges. This type of phenomenon has been observed for the solid dispersions prepared by physical mixing of hydrophilic carrier with the drugs.[@b36-ijn-12-7337] There was no significant difference in the diffraction pattern of blank PENPs and MTO-VRP-PENPs, indicating that the addition of MTO and VRP had not changed the nature of PENPs and the drugs were entrapped inside the PENPs in a molecular or amorphous state.

In vitro release study
----------------------

The release studies showed rapid release of MTO (78.12%) and VRP (87.36%) from MTO-VRP solution within the first 2 h ([Figure 4](#f4-ijn-12-7337){ref-type="fig"}). MTO-VRP-PENPs released the MTO in a controlled fashion (only 38.61% up to 5 h and 60% until 24 h), whereas the release of VRP from MTO-VRP-PENPs was much quicker than that of MTO (82.77% at 5 h). Positively charged MTO would have been firmly combined with HA through electrostatic interactions, whereas weak intermolecular Van der Waal's forces might explain rapid expulsion of VRP (a neutral drug), which is consistent with the previous findings.[@b37-ijn-12-7337]

Cytotoxicity assays
-------------------

MTT assay was performed to evaluate the effect of blank PENPs on the cell viability of MCF-7 and MCF-7/ADR cells. Results showed that the cell viability of MCF-7 and MCF-7/ADR cells incubated with blank PENPs at tested concentrations ranging from 10 to 500 μg/mL for 24 h were all over 80% (data no shown), indicating that blank PENPs in the studied concentrations have no effect on cell viability of MCF-7 and MCF-7/ADR cells, suggesting blank PENPs might be good biocompatible carriers for drug delivery.

[Figure 5A and B](#f5-ijn-12-7337){ref-type="fig"} indicates concentration-dependent inhibition of the growth of MCF-7 and MCF-7/ADR cells by three formulations. All preparations did not show cytotoxicity for MCF-7 and MCF-7/ADR cells when the concentration of MTO was below 0.1 μg/mL. Cell survival rate of MCF-7/ADR cells was reduced to 44.66% when the concentration of MTO was 5 μg/mL in the MTO-VRP-PENPs group, whereas the survival rate of MCF-7/ADR cells was 80.37% and 67.57% in the MTO solution and MTO-PENPs groups, respectively. The cytotoxicity of MTO-VRP-PENPs was significantly higher than the other two groups at the same concentrations; the MCF-7/ADR cell survival rate of MTO-VRP-PENPs, MTO-PENPs, and MTO solution was 18.26%, 55.28%, and 61.67%, respectively, for 20 μg/mL MTO. These results suggested that synergistic delivery of chemotherapy drugs by MTO-VRP-PENPs could achieve enhanced therapeutic efficacy.

MCF-7 cells were sensitive to free MTO solution (IC~50~ of 2.40±0.53 μg/mL, n=3), while MCF-7/ADR cells were resistant to free MTO solution (IC~50~ of 49.15±0.28 μg/mL, n=3). MTO-PENPs showed slightly better cytotoxicity than MTO solution for MCF-7 (IC~50~ of 2.06±0.64 μg/mL, n=3) and MCF-7/ADR cells (IC~50~ of 38.33±0.38 μg/mL, n=3). However, MTO-VRP-PENPs showed greater cytotoxicity in both MCF-7 cells (IC~50~ of 1.19±0.48 μg/mL, n=3) and MCF-7/ADR cells (IC~50~ of 3.71±0.15 μg/mL, n=3) in contrast to the MTO-PENPs and free MTO solution. VRP is a first-generation P-gp inhibitor shown to reverse drug resistance in P-gp overexpressing MDR tumor cells.[@b38-ijn-12-7337] Since the released VRP molecules from PENPs had the ability to competitively bind with the P-gp,[@b39-ijn-12-7337]--[@b41-ijn-12-7337] the accumulation of released MTO molecules in MCF-7/ADR cells was significantly improved, leading to a much higher cytotoxicity of MTO-VRP-PENPs compared to the MTO-PENPs. A recently published study demonstrated that P-gp-mediated MDR could be overcome by encapsulating anticancer drug vincristine and VRP in poly(lactic-co-glycolic) acid (PLGA) nanoparticles.[@b42-ijn-12-7337]

Cellular uptake study
---------------------

To study the uptake kinetics of different PENPs in MCF-7 and MCF-7/ADR cells, cells were treated with DOX solution, DOX-PENPs, and DOX-VRP-PENPs at different times and concentrations, where DOX was used as a fluorescent probe for flow cytometry. The particle sizes and zeta potentials of DOX-PENPs and DOX-VRP-PENPs, and EE% of DOX were 206±3.12 nm, 210.54±2.36 nm, −22.66±1.23 mV, −20.18±2.14 mV, 98.84%±2.34%, and 99.27%±1.21%, respectively. EE% of VRP in DOX-VRP-PENPs was 45.67%±1.47%. Furthermore, the DOX released from the PENPs was released in a controlled release manner similar to the release of MTO (data not shown). [Figure 5C and D](#f5-ijn-12-7337){ref-type="fig"} illustrates that there was an obvious concentration-dependent internalization of DOX solution, DOX-PENPs, and DOX-VRP-PENPs in MCF-7 and MCF-7/ADR cells up to 4 h. In either MCF-7 or MCF-7/ADR cells, the uptake of the DOX solution group was higher than that of the nanoparticle group when DOX concentration was ≤5 μg/mL. Hydrophilic DOX could move along with water molecules into the cells through the passive transport;[@b43-ijn-12-7337] this was much faster than the active PENP uptake process. Fluorescent intensity of DOX-PENPs in MCF-7 cells at 20 μg/mL concentration and at 4 h was significantly enhanced as HA-based CD44 targeting could have promoted the endocytosis of nanoparticles by cells.[@b44-ijn-12-7337] MCF-7/ADR cells' uptake of DOX solution was much lower than the MCF-7 cells, indicating obvious efflux of DOX from MCF-7/ADR cells. PENPs co-loaded with VRP could improve MCF-7/ADR cell uptake of DOX significantly, which suggests that the VRP could inhibit the extracellular efflux mechanism of DOX-VRP-PENPs in MCF-7/ADR cells by P-gp. Drug-resistant cells may have more P-gp, and the co-loaded PENPs showed better reversal effect.

In either MCF-7 or MCF-7/ADR cells ([Figure 5E and F](#f5-ijn-12-7337){ref-type="fig"}), the DOX solution reflected faster uptake than DOX-PENPs and DOX-VRP-PENPs in the first 2 h. On the other hand, the uptake curves of DOX-PENPs and DOX-VRP-PENPs increased quickly after 2 h. The total uptake concentration of DOX-VRP-PENPs at 8 h in MCF-7/ADR cells was significantly higher than that of DOX solution (1.55 times) and DOX-PENPs (1.42 times) owing to the presence of VRP to inhibit the efflux of DOX.[@b45-ijn-12-7337] The total uptake concentration of DOX-VRP-PENPs in MCF-7 cells at 8 h was slightly higher than that of the other two groups, which was consistent with uptake condition under different concentrations.

To further study the intracellular location of PENPs co-loaded with VRP, the MCF-7/ADR cells were visualized post incubation with DOX-VRP-PENPs for 4 h by CLSM. As depicted in [Figure 5G](#f5-ijn-12-7337){ref-type="fig"}, red fluorescence of DOX and blue fluorescence of Hoechst 33342 almost overlapped in MCF-7/ADR cells' nuclei. This certainly showed that DOX-VRP-PENPs successfully reached the nucleus in significant quantities after getting into the cells, to ensure the cytotoxic role of DOX.[@b46-ijn-12-7337],[@b47-ijn-12-7337] Overall, these results iterate that PENPs co-loaded with VRP have great potential for the delivery of cytotoxic drugs to overcome MDR in tumor treatments.

Cell RR study
-------------

As evident from [Table 10](#t10-ijn-12-7337){ref-type="table"}, the RR of both the DOX solution and DOX-PENPs groups immediately dropped to about 54% just after 0.5 h post incubation with MCF-7/ADR cells. However, the retention capacity of DOX-VRP-PENPs in MCF-7/ADR cells was around 60% even at 4 h post incubation. These results showed obvious reversal of MDR effected by co-loaded nanoparticles. In addition, IC~50~ of free MTO, MTO-PENPs, and MTO-VRP-PENPs on MCF-7/ADR cells was 49.15, 38.33, and 3.71 μg/mL, respectively ([Table 11](#t11-ijn-12-7337){ref-type="table"}). The enhanced cytotoxicity of MTO-PENPs was mainly attributed to the effect of PENPs which can be internalized into tumor cells via CD44. The reversal index of MTO-PENPs on MCF-7/ADR cells was improved as reversal index was 1.28 compared to free MTO. The reversal index of MTO-VRP-PENPs on MCF-7/ADR cells was markedly improved (13.25 times to free MTO, and 10.33 times to MTO-PENPs), suggesting that the co-loaded PENPs could effectively reverse MDR of tumor cells. The enhanced efficacy of MTO-VRP-PENPs on MCF-7/ADR cells might result from the synergistic effect of VRP and MTO. The presence of VRP in PENPs would have affected the efflux of MTO, thus increasing residence time of the cytotoxic drug and hence its activity.

Conclusion
==========

In this study, we successfully co-encapsulated MTO and P-gp inhibitor VRP in PENPs based on HA and HCS. Various factors were observed to affect the size, zeta potential, and EE% of MTO and VRP in the co-loaded PENPs. Optimized MTO-VRP-PENPs possessed a particle size and zeta potential of about 200 nm and −23.98±3.03 mV, respectively. EE% of MTO and VRP was 98.33%±0.27% and 44.21%±8.62%, respectively. MTO and VRP were encapsulated in the PENPs in a molecular state. Importantly, MTO-VRP-PENPs showed improved cytotoxicity, cellular uptake, and significant reversal of drug resistance in MCF-7/ADR cells in contrast to the MTO-PENPs. Our results suggest that MTO-VRP-PENPs could be a potential system to overcome tumor drug resistance.
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![Schematic illustration of polysaccharide-based nanoparticles for co-loading MTO and VRP to overcome MDR in breast tumor.\
**Note:** The formation of nanoparticles between negatively charged HA and positively charged HCS is shown.\
**Abbreviations**: HA, hyaluronic acid; HCS, chitosan hydrochloride; MDR, multidrug resistance; MTO, mitoxantrone; VRP, verapamil.](ijn-12-7337Fig1){#f1-ijn-12-7337}

![Particle size and zeta potential of blank PENPs prepared by different mass ratios of HCS (2 mg/mL) and HA (2 mg/mL).\
**Note:** (**A**--**D**) MW of HA: 10 kDa, 50 kDa, 120 kDa, and 500 kDa.\
**Abbreviations:** HA, hyaluronic acid; HCS, chitosan hydrochloride; MW, molecular weight; PENPs, polyelectrolyte complex nanoparticles.](ijn-12-7337Fig2){#f2-ijn-12-7337}

![DSC images of MTO (**A**), VRP (**B**), blank PENPs (**C**), physical mixture of MTO, VRP, and blank PENPs (**D**), MTO-VRP-PENP powder (**E**); transmission electron micrograph (×10,000) of MTO-VRP-PENPs (**F**). MTO-VRP-PENPs, PENPs co-loaded with MTO and VRP.\
**Abbreviations:** DSC, differential scanning calorimetry; MTO, mitoxantrone; PENPs, polyelectrolyte complex nanoparticles; VRP, verapamil.](ijn-12-7337Fig3){#f3-ijn-12-7337}

![In vitro cumulative release (%) of MTO (**A**) and VRP (**B**) from MTO-VRP solution and MTO-VRP-PENPs in 5% (w/v) glucose solution, respectively (n=3).\
**Note:** MTO-VRP-PENPs, PENPs co-loaded with MTO and VRP.\
**Abbreviations**: MTO, mitoxantrone; PENPs, polyelectrolyte complex nanoparticles; VRP, verapamil.](ijn-12-7337Fig4){#f4-ijn-12-7337}

![In vitro cells study.\
**Notes:** MTT assay of MTO solution, MTO-PENPs, and MTO-VRP-PENPs in MCF-7 cells (**A**) and MCF-7/ADR cells (**B**) for 24 h. Uptake of various concentrations of DOX solution, DOX-PENPs, and DOX-VRP-PENPs by MCF-7 cells (**C**) and MCF-7/ADR cells (**D**) at 37°C for 4 h. Uptake of DOX solution, DOX-PENPs, and DOX-VRP-PENPs by MCF-7 cells (**E**) and MCF-7/ADR cells (**F**) at different time points, at 37°C and, 10 μg/mL of DOX. CLSM images of MCF-7/ADR cells (**G**) incubated with DOX-VRP-PENPs for 4 h (10 μg/mL DOX): i, cell nuclei dyed by Hoechst 33342; ii, cell outline in bright field; iii, DOX distribution in MCF-7/ADR cells; iv, overlay graph of i, ii, and iii (n=3) (^※^*P*\<0.05 versus MTO solution; ^\#^*P*\<0.05 versus MTO-PENPs). MTO-PENPs, MTO-loaded PENPs; MTO-VRP-PENPs, PENPs co-loaded with MTO and VRP.\
**Abbreviations:** CLSM, confocal laser scanning microscopy; DOX, doxorubicin; MTO, mitoxantrone; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PENPs, polyelectrolyte complex nanoparticles; VRP, verapamil.](ijn-12-7337Fig5){#f5-ijn-12-7337}

###### 

Effect of the initial concentrations of HCS and 50 kDa HA on the particle size (nm) of blank PENPs with the ratio of HCS and 50 kDa HA solution at 1:6 (v/v) $(\overline{X} \pm \text{SD},\ n = 3)$

  HCS concentration (mg/mL)   50 kDa HA concentration (mg/mL)                                 
  --------------------------- --------------------------------- --------------- ------------- -------------
  1                           237.86±1.3                        410.89±0.9      473.97±2.1    536.66±2.6
  2                           257.95±3.2                        209.75±2.1      309.76±5.4    400.69±1.3
  3                           Precipitation                     259.88±2.5      244.48±13.6   432.88±6.8
  4                           Precipitation                     Precipitation   363.65±30.2   461.22±10.0

**Abbreviations:** HA, hyaluronic acid; HCS, chitosan hydrochloride; PENPs, polyelectrolyte complex nanoparticles.

###### 

Effect of the loading order of MTO on the characteristics of PENPs with the ratio of HCS and 50 kDa HA solution at 1:6 (v/v)

  Preparation           CMH-PENPs     HMC-PENPs     CHM-PENPs
  --------------------- ------------- ------------- -------------
  Size (nm)             270.6±4.7     203.8±12.1    246.1±4.9
  Zeta potential (mV)   −26.13±1.07   −21.89±0.90   −18.69±2.91
  EE (%) of MTO         88.44±1.35    98.58±3.16    91.48±1.76

**Notes:** The drug concentrations were: MTO =0.3 mg/mL and VRP =2 mg/mL $(\overline{X} \pm \text{SD},\ n = 3)$. MTO was dissolved in HCS solution and then mixed with HA solution to obtain MTO loaded PENPs (CMH-PENPs); MTO was dissolved in HA solution and then mixed with HCS solution to obtain MTO loaded PENPs (HMC-PENPs); MTO were added into blank PENPs to obtain MTO loaded PENPs (CHM-PENPs).

**Abbreviations:** EE, encapsulation efficiency; HA, hyaluronic acid; HCS, chitosan hydrochloride; MTO, mitoxantrone; PENPs, polyelectrolyte complex nanoparticles; VRP, verapamil.

###### 

Effect of the loading order of VRP on the characteristics of PENPs with the ratio of HCS and 50 kDa HA solutions at 1:6 (v/v)

  Preparation           CVH-PENPs     HVC-PENPs     CHV-PENPs
  --------------------- ------------- ------------- -------------
  Size (nm)             224.1±5.0     224.8±0.7     243.1±6.5
  Zeta potential (mV)   −25.52±0.37   −26.69±1.51   −26.51±1.24
  EE (%) of VRP         44.62±3.44    35.32±3.51    34.72±6.11

**Notes:** The drug concentrations were: MTO =0.3 mg/mL and VRP =2 mg/mL $(\overline{X} \pm \text{SD},\ n = 3)$. VRP was dissolved in HCS solution and then mixed with HA solution to obtain VRP loaded PENPs (CVH-PENPs); VRP was dissolved in HA solution and then mixed with HCS solution to obtain VRP loaded PENPs (HVC-PENPs); VRP were added into blank PENPs to obtain VRP loaded PENPs (CHV-PENPs).

**Abbreviations:** EE, encapsulation efficiency; HA, hyaluronic acid; HCS, chitosan hydrochloride; MTO, mitoxantrone; PENPs, polyelectrolyte complex nanoparticles; VRP, verapamil.

###### 

Effect of HCS:HA ratio on the characteristics of MTO-VRP-PENPs $(\overline{X} \pm \text{SD},\ n = 3)$

  HCS:HA ratio   Particle size (nm)   Zeta potential (mV)   EE%          
  -------------- -------------------- --------------------- ------------ ------------
  1:2            Precipitation        --                    --           --
  1:3            279.2±12.6           −19.09±2.45           93.71±0.35   31.81±1.04
  1:4            250.2±17.9           −20.57±1.48           93.12±1.89   39.08±7.41
  1:5            235.9±8.1            −21.74±3.26           91.45±4.78   40.49±9.37
  1:6            218.2±5.5            −23.26±2.10           94.89±2.01   44.25±1.17

**Notes:** --, no detection; MTO-VRP-PENPs, PENPs co-loaded with MTO and VRP.

**Abbreviations:** EE, encapsulation efficiency; HA, hyaluronic acid; HCS, chitosan hydrochloride; MTO, mitoxantrone; PENPs, polyelectrolyte complex nanoparticles; VRP, verapamil.

###### 

Effect of MTO strength on the characteristics of MTO-VRP-PENPs when the VRP concentration was fixed at 2 mg/mL $(\overline{X} \pm \text{SD},\ n = 3)$

  MTO concentration (mg/mL)   Particle size (nm)   Zeta potential (mV)   EE%          
  --------------------------- -------------------- --------------------- ------------ -------------
  0.2                         203.4±9.6            −25.31±3.82           95.04±1.28   43.78±5.21
  0.3                         211.3±9.0            −23.40±0.58           97.86±1.68   44.41±4.08
  0.4                         225.6±24.5           −28.01±6.07           90.02±2.51   36.73±11.02
  0.5                         Precipitation        --                    --           --

**Notes:** --, no detection; MTO-VRP-PENPs, PENPs co-loaded with MTO and VRP.

**Abbreviations:** EE, encapsulation efficiency; MTO, mitoxantrone; PENPs, polyelectrolyte complex nanoparticles; VRP, verapamil.

###### 

Effect of VRP concentration on the characteristics of MTO-VRP-PENPs when the MTO concentration was fixed at 0.3 mg/mL $(\overline{X} \pm \text{SD},\ n = 3)$

  VRP concentration (mg/mL)   Particle size (nm)   Zeta potential (mV)   EE%          
  --------------------------- -------------------- --------------------- ------------ ------------
  1                           201.0±7.3            −29.78±1.95           92.51±8.60   49.39±10.9
  1.5                         207.6±3.9            −27.55±3.54           92.23±7.33   46.01±10.7
  2                           203.3±8.7            −27.36±2.03           97.84±5.71   46.51±6.27
  3                           208.7±10.4           −28.90±2.23           73.90±2.08   43.31±9.56

**Note:** MTO-VRP-PENPs, PENPs co-loaded with MTO and VRP.

**Abbreviations:** EE, encapsulation efficiency; MTO, mitoxantrone; PENPs, polyelectrolyte complex nanoparticles; VRP, verapamil.

###### 

Effect of pH on the characteristics of MTO-VRP-PENPs $(\overline{X} \pm \text{SD},\ n = 3)$

  pH value   Particle size (nm)   Zeta potential (mV)   EE%          
  ---------- -------------------- --------------------- ------------ ------------
  2.0        Precipitation        --                    --           --
  4.0        209.2±6.4            −24.28±1.85           97.81±6.45   44.34±4.54
  7.0        275.9±6.8            −24.21±2.86           78.89±0.97   41.32±1.45
  9.0        263.8±12.6           −23.07±2.31           88.77±8.46   49.19±5.61
  10.0       Precipitation        --                    --           --

**Notes:** --, no detection; MTO-VRP-PENPs, PENPs co-loaded with MTO and VRP.

**Abbreviations:** EE, encapsulation efficiency; MTO, mitoxantrone; PENPs, polyelectrolyte complex nanoparticles; VRP, verapamil.

###### 

Effect of stirring time on the characteristics of MTO-VRP-PENPs $(\overline{X} \pm \text{SD},\ n = 3)$

  Stirring time (h)   Particle size (nm)   Zeta potential (mV)   EE%           DL%                      
  ------------------- -------------------- --------------------- ------------- ------------ ----------- -----------
  0.5                 228.1±7.3            −25.63±4.05           86.42±14.06   44.39±1.88   6.52±1.06   4.49±1.94
  1                   228.0±5.3            −33.06±4.76           87.22±8.33    30.21±1.38   6.56±0.74   3.98±0.18
  2                   211.3±9.0            −23.41±0.58           94.84±1.68    45.20±4.08   8.12±0.46   4.52±0.42
  4                   207.9±5.8            −26.48±5.44           71.39±14.81   35.32±4.48   3.78±1.56   3.64±0.44
  6                   220.5±10.5           −30.92±3.91           74.62±11.40   24.41±3.21   4.09±0.64   2.64±0.36

**Note:** MTO-VRP-PENPs, PENPs co-loaded with MTO and VRP.

**Abbreviations:** DL, drug loading; EE, encapsulation efficiency; MTO, mitoxantrone; PENPs, polyelectrolyte complex nanoparticles; VRP, verapamil.

###### 

Characterization of optimized MTO-VRP-PENPs and MTO-PENPs $(\overline{X} \pm \text{SD},\ n = 3)$

  Preparation     Particle size (nm)   PI           Zeta potential (mV)   EE (%)       DL% (wt%)                
  --------------- -------------------- ------------ --------------------- ------------ ------------ ----------- -----------
  MTO-VRP-PENPs   209.8±14.1           0.12±0.046   −23.98±3.03           98.33±0.27   44.21±8.62   8.21±0.25   4.43±0.97
  MTO-PENPs       200.4±9.4            0.10±0.018   −21.34±1.25           99.47±0.13   --           9.78±0.14   --

**Notes:** --, no detection; MTO-PENPs, MTO-loaded PENPs; MTO-VRP-PENPs, PENPs co-loaded with MTO and VRP.

**Abbreviations:** DL, drug loading; EE, encapsulation efficiency; MTO, mitoxantrone; PENPs, polyelectrolyte complex nanoparticles; PI, polydispersity index; VRP, verapamil.

###### 

The cell RR (RR%) of DOX solution, DOX-PENPs, and DOX-VRP-PENPs in MCF-7/ADR cells at different time intervals by flow cytometry $(\overline{X} \pm \text{SD},\ n = 3)$

  Time (h)   DOX solution   DOX-PENPs    DOX-VRP-PENPs
  ---------- -------------- ------------ -------------------------------------------------------------------------------------------------------
  0.5        54.43±4.64     54.76±3.67   76.41±3.87[\*](#tfn18-ijn-12-7337){ref-type="table-fn"},[\#](#tfn19-ijn-12-7337){ref-type="table-fn"}
  1          46.04±4.80     47.43±7.10   71.79±2.92[\*](#tfn18-ijn-12-7337){ref-type="table-fn"},[\#](#tfn19-ijn-12-7337){ref-type="table-fn"}
  2          42.82±3.40     40.22±7.22   62.44±8.75[\*](#tfn18-ijn-12-7337){ref-type="table-fn"},[\#](#tfn19-ijn-12-7337){ref-type="table-fn"}
  4          40.85±2.46     32.93±4.34   60.17±4.06[\*](#tfn18-ijn-12-7337){ref-type="table-fn"},[\#](#tfn19-ijn-12-7337){ref-type="table-fn"}

**Notes:**

*P*\<0.05, compared with DOX solution.

*P*\<0.05, compared with DOX-PENPs.

**Abbreviations:** DOX, doxorubicin; PENPs, polyelectrolyte complex nanoparticles; RR, retention rate; VRP, verapamil.

###### 

IC~50~ values and reversal index of free MTO, MTO-PENPs, and MTO-VRP-PENPs in MCF-7/ADR cells

  Time (h)        IC~50~ (μg/mL)   Reversal index                                       
  --------------- ---------------- ---------------------------------------------------- ---------------------------------------------------
  Free MTO        49.15±0.28       --                                                   
  MTO-PENPs       38.33±0.38       1.28[\*](#tfn21-ijn-12-7337){ref-type="table-fn"}    --
  MTO-VRP-PENPs   3.71±0.15        13.25[\*](#tfn21-ijn-12-7337){ref-type="table-fn"}   10.33[Δ](#tfn22-ijn-12-7337){ref-type="table-fn"}

**Notes:**

The ratio of IC~50~ of free MTO to IC~50~ of other MTO formulations.

The ratio of IC~50~ of MTO-PENPs to IC~50~ of MTO-VRP-PENPs. --, no detection; MTO-PENPs, MTO-loaded PENPs; MTO-VRP-PENPs, PENPs co-loaded with MTO and VRP. Data presented as mean ± standard deviation, n=3.

**Abbreviations:** MTO, mitoxantrone; PENPs, polyelectrolyte complex nanoparticles; VRP, verapamil.
